Purpose: To evaluate the clinical, CT and MR imaging findings of semicircular canal (SCC) aplasia and to evaluate if a correlation exists between these findings and the associated anomalies or syndromes. Materials and Methods: This study retrospectively reviewed the CT and MRI findings of five patients with SCC aplasia. The CT and MR findings were analyzed for SCC, direction of facial nerve canal, cochlea, vestibule, oval or round window, middle ear ossicles, and internal auditory canal (IAC). Results: The subjects included three boys and two girls ranging in age from one to 120 months (mean age; 51 months). Four of the subjects had the CHARGE syndrome, and one had the Goldenhar syndrome. Moreover, four subjects had sensorineural hearing loss and one had combined hearing loss. The course of the facial nerve canal was abnormal in all five cases. Moreover, trapped cochlea and dysplastic modiolus were each observed in one case. Four subjects had atresia of the oval window; whereas ankylosis of the ossicles was present in three subjects. IAC stenosis was present in one patient with the CHARGE syndrome.
The reported incidence of significant sensorineural hearing loss (SNHL) in young children varies from 1:1000 to 1:2000 depending on the populations studied. Approximately 20% of patients with congenital SNHL also have radiological anomalies of the inner ear (1) (2) (3) (4) . The most common radiologically detected inner ear anomalies include those associated with the cochlea, the SCC and the vestibular aqueduct. Many cases have abnormalities of more than one portion of the inner ear.
Semicircular canal (SCC) dysplasia is defined as a malformation with hypoplasia or aplasia of one or all of the semicircular canals. Dysplasia of the lateral SCC is a common inner ear malformation. Further, 40% of cochlear malformations are accompanied by dysplasia of the lateral SCC. Jackler et al. introduced a hypothesis for SCC aplasia that is based on an arrest of embryogenesis during the sixth week of gestation. During this time, the SCCs develop as evaginations of the vestibular appendage, and the associated anomalies of these structures are common and variable (5, 6) . SCC aplasia has been reported in both syndromic and non-syndromic cases (5) (6) (7) (8) (9) (10) (11) .
CT and MR imaging represent non-invasive modalities that can be used for the detection of ear malformations. These imaging modalities give complementary information; the CT depicts bony details whereas the MR shows the fluid filled inner ear and facial nerve. Recently, a heightened awareness of ear anomalies, combined with the greater sensitivity of CT and MR imaging has provided greater detection of these anomalies (2) .
The objectives of this study are to review the clinical and radiological findings of SCC aplasia and to determine the associated anomalies and/or syndromes.
Materials and Methods
We retrospectively reviewed five patients with SCC aplasia who presented with congenital hearing loss from 2001 to 2005. A high resolution CT of the temporal bone (n=5) was performed using contiguous 1-mm-thick axial sections made parallel to the infraorbital-meatal line or reconstructed coronal images reconstructed with a 512 ×512 matrix, a 1.0 mm collimation, and a 10 cm field of view (GE HiSpeed CT/i Pro � , Milwaukee, USA / Siemens Somatom sensation 16 � , Erlangen, Germany). A temporal MR (n=3) was performed using a 1.5-T unit (GE 1.5T SIGNA � , Milwaukee, WI., U.S.A.). The pulse sequences used were as follows: a routine brain axial T2-weighted images (T2-WI) and FLAIR, a temporal 3D FSE T2-WI with a 1 mm slice thickness, a temporal 3D FIESTA with three reconstructed axial, a coronal and both sagittal images, and a 1.4 mm slice thickness with a 0.7 mm interslice gap, and contrast enhanced T1-WI with 3 mm slice thickness. Both CT and MR scans were performed in two of the cases.
Image interpretation
Each of the CT and MR images were analyzed for aplasia of the SCC, direction of the facial nerve canal, patency of the cochlear aperture, presence of cochlear anomalies, large vestibular aqueduct, atresia of the oval or round window, dysplasia or fusion of the middle ear ossicles, and the size of the internal auditory canal (IAC).
Aplasia of the SCC was diagnosed when the canals were completely absent and an isolated vestibule was present. The cochlear aperture was regarded as normal if the patent was visible on an MR, when available, or if trapped when a bony bar over the aperture was present. The vestibular aqueduct (VA) was considered enlarged when the diameter of the VA exceeded that of the posterior SCC or when the width of the VA at the midpoint between the common crus and its external aperture was larger than 1.5 mm. Atresia of the oval window was defined by a bony plate superimposed between the vestibule and middle ear. Dysplasia was noted if the ossicles demonstrated an abnormal morphology or size. The criteria for fusion were based on the proximity and appearance of ankylosis to the wall of the epitympanum or interossicular fusion. The IAC was considered stenotic when the size of the canal was less than 2 mm.
Results
The five patients included three boys and two girls. The patients' ages ranged from one to 120 months (mean age; 51 months). All patients had bilateral SCC aplasia (Fig. 1A) that was presented as hearing loss. Associated anomalies were variable and included one case of GOLDENHAR syndrome and four cases of CHARGE syndrome. Four of the five patients had SNHL, whereas one had a combination of SNHL and conductive hearing loss. The clinical findings for the patients with recognized syndromes are summarized in Table 1 .
The course of the facial nerve canal was abnormal in all patients; in the inferomedial direction in three patients and in the medial direction in two (Fig. 3) . A trapped cochlea (Fig. 4A ) or dysplastic modiolus (Fig.  2B ) was present in one patient for case each. The vestibular aqueduct could not be identified in any of the patients. Four of the five patients had atresia of the oval window (Fig. 4B , 5B), and could not be identified in one patient. Ankylosis of the ossicles ( Fig. 2A, 5A ) was noted in three cases. IAC stenosis (Fig. 1B) was present in a patient with the CHARGE syndrome. The middle ear cavity was small in one case and large in another case.
Discussion
Five to 15% of congenitally deaf individuals have radiological anomalies of the inner ear (1-4). The clinical manifestations and natural history of these deformities are variable. The majority of the combined osseous and membranous malformations appear to develop from a premature arrest of the development of one or more components of the inner ear. As a general rule, the earlier the developmental arrest, the more severe the deformity and the more impaired the hearing (3). Whereas, some inner ear malformations involve only one portion of the inner ear, many of the patients examined in this study had a combination of anomalies involving more than one component. Between the fourth and fifth weeks of gestation, the spherical otocyst develops three buds that ultimately form the cochlea, SCCs, and the vestibular aqueduct. An inner ear malformation may be limited to one of these anlages, may involve a combination of two of them, or may affect all three ( first, followed by the posterior, and finally the lateral portions. These are the body's organs for balance as well as detecting acceleration in the three perpendicular planes.
Admiraal et al. (6) introduced the acronym CHARGE for the association of the anomalies: coloboma (C), heart defects (H), atresia choanae (A), retardation of growth and/or development (R), genital hypoplasia (G), ear anomalies (E), and/or hearing impairment or deafness. The diagnosis of the CHARGE association is generally based on the presence of at least four of the six cardinal features, provided that these include coloboma and/or choanal atresia. Several investigators have described various ear anomalies associated with the CHARGE syndrome (4, 5) . The ossicular abnormalities in the CHARGE syndrome (generally of the long process of the incus and the stapes) appear to result primarily from the abnormal development of the second branchial arch (6) (7) (8) . SCC aplasia is one of the characteristic findings of the CHARGE syndrome.
Goldenhar's syndrome is a clinically heterogeneous disorder. In its most typical presentation, it is characterized by hemifacial microsomia in association with other anomalies, including vertebral defects and epibulbar dermoids. In addition, bilateral involvement of the craniofaces is known to occur; however, one side is usually more severely affected than the other. Cardiac, renal, anal, and CNS malformations have been reported to occur in patients with Goldenhar's syndrome. Marc et al. described a patient with Goldenhar's syndrome (oculoauriculovertebral dysplasia) and unilateral aplasia of all semicircular canals (9) . Oculoauriculo-vertebral, VATER, and CHARGE might be related by a common pathogenetic mechanism resulting in disturbed neural crest development (7) . Semicircular canal dysplasia can also be found in isolation or in conjunction with other syndromes including Waardenburg's syndrome and the Noonan syndrome (5, (10) (11) 13) . Posterior SCC is selectively affected in the Alagille syndrome, and the superior SCC is abnormal in cases with prenatal thalidomide exposure (5, 11, 12, 14, 15) .
It is possible that secondary to the aplasia of the SCC, the surrounding structures become displaced. Some reports suggest that facial palsy may be a reliable predictor of SNHL (8) . In one of our cases with a cochlear implant, the facial nerve was situated over the promontory and slightly displaced medially (Fig. 5) . It is essential for the radiologist to accurately describe the entire course of the facial nerve canal, especially if a cochlear implantation procedure is going to be performed, to minimize the possibility of iatrogenic facial nerve damage. Atresia of the oval or round window and hypoplastic cochleae can be problematic for cochlear implants (12) .
CT scanning provides information about the size of the tympanic cavity, presence and nature of ossicular anomalies, presence of atresia of the oval and round windows, and an anomalous course of the facial nerve canal. The MRI is preferred for the evaluation of the presence of fluid within the membranous labyrinth prior to cochlear implantation, and shows the cochlear morphology associated with deficient septation and malformations of the modiolus, in addition to the size of the cochlear division of the vesibulocochlear nerve. The MRI and CT are complementary techniques.
Fibrous or calcified obliteration of the SCC in cases of labyrinthine ossificans is differentiated by the presence of SCC aplasia. In patients with labyrinthine ossificans, a history of SNHL, after an episode of meningitis, as well as a normal internal auditory canal and the normal course of the facial nerve canal can help with the diagnosis. The cochlea is also obliterated with involvement of the SCC in cases of labyrinthine ossificans.
The course of the facial nerve canal was abnormal in all cases. Four of the five patients had atresia of the oval window. Ankylosis of the ossicles was seen in three cases. A trapped cochlea or dysplastic modiolus was each present in one case. IAC stenosis was present in one patient. Therefore, the results of this study suggest that all patients with SCC aplasia be evaluated with high resolution CT or MR imaging to determine whether an abnormal facial nerve course and cochlear aperture is present, especially if cochlear implantation is planned. Absence of the cochlear nerve would be a contraindication to cochlear implantation.
In conclusion, atresia of the oval window, abnormality of the ossicles, and an aberrant course of the facial nerve canal were frequently associated in patients with SCC aplasia. In addition, the Goldenhar and CHARGE syndromes were commonly associated syndromes in these patients.
